A close relationship between three temperate phages (gd, ge and gf), specific for three strains of the newly described species Pseudomonaspseudoflava was revealed by an identical pattern of structural proteins, by serological cross-reactions and by the finding of cross-immunity and cross-resistance. In addition attachment of the phages to the pili of their hosts and the presence of a restriction and modification mechanism was indicated.
INTRODUCTION
Lysogeny in the genus Pseudomonas is known to be limited to a few species, e.g.P, aeruginosa, P. fluorescens, P. putida and phytopathogenic pseudomonads (Holloway et al. I97I) . Temperate bacteriophages have recently been isolated (Auling, i975; Auling et al. I977) for the newly discovered facultatively chemolithoautotrophic species P. pseudoflava (Auling et al. 1978) . The present study was undertaken to compare three of these phages, gd, ge and gf, using general phage techniques, SDS-polyacrylamide gel electrophoresis and serology.
METHODS
Growth andpurification of phages. Bacteriophages gd, ge and gf, host strains P. pseudoflava GA3, GA4 and GA 5 as well as media and general phage techniques have previously been described (Auling et al. 1977, I978 ) . Phages were assayed on xylose-SM plates with P. pseudoflava strain GA3 as indicator, if not otherwise indicated. All results are based on at least duplicate tests, performed on the same stock of phage.
High titre phage lysates were obtained from o. 5 % xylose-SM plates with confluent lysis, as described by Eisenstark (I967). After harvesting the phages from the plates with Do-phage buffer they were concentrated either by differential centrifugation (low speed: 7ooo rev/min for 2o min; high speed: IOOOOO g at IO ° C for 1"5 h) or precipitated with lO% polyethylene glycol (PEG 6ooo, Serva, Heidelberg, West Germany) plus o'5 M-NaCI (Yamamoto et al. I97O) . The phages were gently resuspended in Do-phage buffer and purified with a CsC1-density step gradient in I5 ml cellulose nitrate tubes by layering 8"5 ml of crude lysate on top of three successive layers of CsC1 solutions (3 ml of 1"37 g/ml; I ml of 1"47 g/ml; I ml of 1-57 g/ml). After centrifugation for 3 h at IO °C in a 6 x I5 ml swing-out rotor at 95ooo g" in a model Omega II 7oooo ultracentrifuge (Heraeus Christ, Osterode, West Germany) the phage bands at I"47 g/ml were collected and their density was adjusted to I. 5 g/ml. A second run was performed in a 6 x 5 ml swing-out rotor at Iooooo g at IO °C for 24 h and the CsCl-purified phages were dialysed against 2 1 Do-phage buffer at 4 °C. An electron micrograph of a purified preparation of phage gd is shown in Fig. 1 .
Phage inactivation. Lysates containing I.O to 3"5 x io 9 p.f.u./ml were used for testing the heat-sensitivity. Samples of o.I ml were added to 0"9 ml of pre-heated Do-phage buffer, pH 7% in a constant-temperature water bath at 55 and at 60 °C. Samples were taken at 5 min intervals and plated for surviving phage after dilution in nutrient broth (Difco).
Lysates containing 3"5 x lO 6 to 5"2 x lO 7 p.f.u./ml were used for testing sensitivity to u.v.-light. Phage suspensions (IO ml) in phage buffer (Clowes & Hayes, 1968) were stirred continuously and irradiated with a germicidal lamp (30 W, 253"4 nm, 40 cm distance, Sterisol FI I36 9 A, Hanau Quarzlampen GmbH, Hanau, West-Germany). Under these conditions a 30 s dose of irradiation leaves a surviving fraction of ~o -s Escherichia coli B (r x ~o 8 cells per ml in 60 raM-phosphate buffer, pH 7"o). Samples were diluted in phage buffer and plated for surviving phage.
Antisera and serological tests. By using CsCl-purified phage samples with a titre of about 2 x I o 1° p.f.u./ml, antiserum specific against phage gd was obtained from rabbits by standard methods. The preparation of antisera specific for the host bacteria has been described elsewhere (Auling et al. I978) . Immunodiffusion analysis was performed in a modified Ouchterlony-test (Oakley, I97 I) in o'o5 M-diethylbarbital-acetate buffer, pH 8.2, in thin layers of o'5 % agarose on glass discs. Cross-neutralization tests for all three phages were done with CsCl-purified phage samples and with crude lysates according to the procedure of Clowes & Hayes (I968) .
Analysis of phage structuralproteins. Protein concentration of CsCl-purified phage samples was measured by the method of Lowry et al. (1951) . Molecular weights of phage structural proteins were determined by SDS-polyacrylamide gel electrophoresis as described by Bowien et al. 0976) or using the method of Laemmli (I97O). Glycoprotein was stained by the periodic acid-Schiff's method (PAS) of Glossman & Neville (i97 0.
RESULTS

Biological relatedness
Several new systems of temperate phages and Gram-negative hydrogen-oxidizing host bacteria, later assigned to the species Pseudomonas pseudoflava (Auling et al. I978) , had been isolated simultaneously from different habitats (Auling, I975) . Three of the phages were very similar in terms of virion structure, plaque morphology, host range and the ability to lysogenize (Auling et al. 1977) . Whereas the other P. pseudoflava bacteriophages propagated only on their original indicator strains (Auling et al. I978) , these three phages, gd, ge and gf, were able to plate on three strains of P. pseudoflava, i.e. GA 3 (indicator for gd), GA 4 (indicator for go) and GA 5 (indicator for gf). That is, the host strains proved to be interchangeable.
To investigate the possibility of restriction between the three phage-host systems each phage was propagated on each of the three sensitive bacterial hosts and the nine different lysates obtained were tested on P. pseudoflava, strains GA3, GA4 and GA5 for their efficiency of plating (e.o.p.). The results are shown in Table I . Three cases of distinct reduction of the e.o.p, are evident by plating on strain GA 4.
Derivatives of the host strains GA3, GA 4 and GA 5 had been isolated from the plaque areas of the phages gd, ge and gf. The characterization of their lysogenic nature was de- < 10 < IO < I0 GA3/gd < I0 < io < 10 GA4 1 × 10 9 2 × I0 a 2"4 × IO a GA4(ge) < I0 < I0 < I0 GA4/ge < 10 < 10 < I0 GA5 2"5 x I09 I x io 9 3 x 109 GA5(gf) < I0 < I0 < I0 GA5/gf < I0 < I0 < I0 * Lysates were prepared by propagating the phages on their original indicator strains (Auling et al. 1977 ).
The titre is expressed as p.f.u./ml. t Nomenclature of strains is as follows: GA3(gd) is a derivative of strain GA3, lysogenized by phage gd as shown by the spontaneous release of phage gd (about t × lO 6 p.f.u./ml), by the stability of its phage producing ability during incubation with gd-specific antiserum and by its inducibility with mitomycin C. GA3/gd is a derivative of strain GA3 isolated from the plaque area of the phage gd which proved to he adsorption-resistant to gd. The derivatives of the two other hosts are named in the same way.
scribed previously (Auling et al. 1977) . These lysogens were found to be homoimmune (Table 2) . Thus phages gd, ge and gf exhibit cross-immunity.
During the screening for lysogens, a few clones were isolated from each indicator, which did not release phage spontaneously and proved to be adsorption-resistant to one of the three phages investigated. The cross-resistant nature of these clones was later confirmed (Table 2) . (Auling et al. 1977) with uranyl acetate.
Attachment of the phages gd, ge and g f to the pili of their hosts
Pilus-dependence of long-tailed, non-contractile phages was first described by Bradley (I973). The three P. pseudoflava bacteriophages gd, ge and gf are probably also pilusdependent (Auling, 1975) . By electron microscopy of crude lysates, phages were often found attached with their terminal tail structure along isolated pili. When the phages were allowed to adsorb to their bacterial hosts, they were found to be attached either to the bacterial pili or to the poles of the cells. CsCl-density gradient centrifugation of crude lysates enabled the complete detachment of the phages from the pili (Fig. I ).
Inactivation by heat or u.v.-light
Thermal inactivation of the phages was studied at 55 °C and at 6o °C in Do-phage buffer. The phages were relatively susceptible to heat with 99 % being killed at 55 °C in 4 rain, and at 6o °C in 3 min. A similar inactivation pattern was found for all three phages (Fig. 2) . The curves had an initial rapid inactivation portion and were more or less biphasic due to the presence of a small amount of relatively heat stable variants in addition to the bulk of particles with normal heat-sensitivity. An enrichment of these heat stable particles could be observed in the lysates after exposure of the wild-type phages to three successive heat inactivation cycles using a slight modification of the procedure of Ritchie & Malcolm (197o) .
The kinetics of inactivation by u.v.-light showed identical one-hit curves for all three phages, with 99 % of the phages being inactivated in 6o s and an exponential dose response down to a survival of Io -~.
Serological relatedness of the phages gd, ge and g f
In the immunodiffusion test the gd-specific antiserum gave strong precipitation lines with CsCl-purified samples of homologous and heterologous phages indicating that the phages gd, ge and gf possess similar antigens (Fig. 3) . 
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Strong cross-neutrMization was observed by the inactivation of homologous and heterologous phages in the neutralization tests with gd-specific antiserum. The neutralization velocity constant (K-value) of gd-specific antiserum against 'crude' lysates was determined to be 2o0o rain -1 for phage gd, 203o min -1 for phage ge and 208o rain -1 for phage gf. When samples of CsCl-purified phages were used for neutralization tests instead of crude lysates the slope of the curve was reduced, i.e. the neutralization reaction was slower.
Electrophoretic analysis of phage proteins
The phage structural proteins were analysed by SDS-polyacrylamide gel electrophoresis with the results shown in Fig. 4 and Table 3-An identical electrophoretic pattern of five major and ten minor protein bands was found for the phages gd, ge and gf using IO to 2o % polyacrylamide gradient gels in SDS-tris-glycine buffer (Laemmli, 197o) . The apparent tool. wt. of the proteins ranged from 650o to 145o00. With the exception of protein P5, which showed a very faint staining for glycoprotein, all other proteins did not stain with PAS (Glossman & Neville, 197I) .
DISCUSSION
From previous observations (Auling, I975; Auling et al. 1977) and in the present investigation the similarity of the Pseudomonas pseudoflava bacteriophages gd, ge and gf has been confirmed in several ways, e.g. an identical pattern of 15 structural proteins, similar neutralization reactions with gd-specific antiserum, the existence of cross-immunity and the finding of cross-resistance among the host strains GA3, GA 4 and GA 5 against all three phages investigated and identical inactivation patterns following irradiation with u. CsCl-purified samples of intact particles of phages gd, ge and gf were analysed using a IO to 20 % gradient gel system with SDS-tris-glycine buffer, including a 5 % stacking gel (Laemmli, 197o) . (a) Phage gd, 3o/zg total protein; (b) phage ge, 2o #g total protein; (e) phage gf, 2o/zg total protein; (d)chymotrypsinogen (mol. wt. 257oo),. cytochrome c (I 17oo) and head piece of Lacrepressor (65oo; Geisler & Weber, 1977) ; (e) E. coli/?-gatactosidase (12oo0o) and bovine serum albumin (68ooo); (jr) myosin (22oo0o) and bovine brain actin (43ooo). As the photography did not resolve all protein bands which could be detected on the gel, a corresponding graph was added for better illustration. Migration is from top to bottom with the top band being PI and the bottom band, P15. treatment with heat. A comparative study of the DNAs of the phages gd, ge and gf has provided further proof of their close relationship (G. Auling et al. unpublished data) . The biphasic heat inactivation kinetics of the P. pseudoflava phages indicated that~the populations of infective phage particles were heterogeneous in this property. It remains to be investigated whether the heat-stable variants represent mutant phage particles of lower buoyant density due to a reduced amount of DNA in their capsids as has been found for lysates of the T3-and T7-coliphages by Ritchie & Malcolm (I97O) .
In spite of their similarity, the efficiency of plating of these phages differed according to the bacterial host. Small variations of the growth properties of the indicator strains may unequally favour the attachment of the phages to the pili of their hosts and lead to minor reductions of the e.o.p. However, the large reduction of the e.o.p, observed on strain GA 4 for phage ge after propagation on GA 3 or GA5 as last host and for phage gf after propagation on GA 3 as last host would not be readily explained by minor differences in host physiology. After propagating these three lysates on strain GA4 and plating again on strain GA 4 the reduction of e.o.p, was completely abolished. This clearly indicates the existence of a restriction and modification mechanism in the P. pseudoflava phage-host system. As the phage gd does not seem to participate in this system, one can conclude that this phage uses its own modification system. An alternative explanation would be that the different restriction patterns of the phages reflect mutants of the same phage having alterations to the restriction sites, e.g. gd may be a restriction-resistant mutant of ge.
I would like to thank Professor Dr H. G. Schlegel, in whose institute this work has been done, for his interest and support; Dr B. Bowien for introduction to SDS-polyacrylamide gel electrophoresis; Dr N. Geisler for advice in the gradient gel technique and gifts of myosin, E. eoli/?-galactosidase, bovine brain actin and head piece of Lac-repressor, and Professor Dr E. Bade for critically reading the manuscript. The excellent technical assistance of Miss Margret Maarzahl is greatly acknowledged.
